ABSTRACT. 65 Zn is one of the induced radioactive nuclides which are generated in power reactors. In the present experiment, several parameters of 65 Zn metabolism were studied in mice maintained on diets with various zinc contents from 45 to 4,500 mg/kg to evaluate the efficacy of the dilution method for radiation protection against internal contamination with 65 Zn. Gastrointestinal absorption of 65 Zn was suppressed and its excretion accelerated as the dietary zinc content increased over a wide range. Clearance of 65 Zn from tissues was generally accelerated by feeding mice a high-zinc diet, but that from the femurs was not affected by dietary zinc content. Zinc concentrations in tissues were regulated homeostatically up to a dietary zinc content of 1,350 mg/kg. Although a significant accumulation of zinc occurred in the liver, pancreas, kidneys, and femurs when mice were given 4,500 mg/kg diet, the concentrations except in the femurs recovered within a few days after switching to a normal-zinc diet. These results suggest that oral administration of zinc is effective for preventing the absorption and for enhancing the excretion of 65 Zn to protect the body from internal radiation exposure with this isotope. -KEY WORDS: metabolism, radiation protection, zinc, 65 Zn.
Tissue activity / Tissue weight / F* Concentration ratio = Initial whole-body activity/Body weight *F: correction coefficient for the counting efficiency of the two counters. Excretion of 65 Zn: Five groups of mice were injected intraperitoneally with a single dose of 65 Zn (37 kBq/mouse), and their initial whole-body radioactivities were measured immediately. Thereafter, four groups were switched to the respective experimental diets, and the remaining one group was continued to be fed the commercial diet. Whole-body retention of 65 Zn was observed for 21 days at suitable intervals. The retention curves obtained were approximated by the sum of two exponential functions to determine the Radioactive zinc, 65 Zn, is generated by the neutronactivation reaction in nuclear reactors of atomic power plants [4] . 65 Zn is also generated by nuclear explosions, so atmospheric nuclear tests performed in the 1950s had caused contamination of foods with this isotope [6, 9, 10] . Because 65 Zn is retained in the body with a long biological halflife of 400 days in humans [8] , every effort to eliminate 65 Zn incorporated should be made to reduce the risk of possible radiation injuries if internal contamination with 65 Zn happens. The methods for enhancing the excretion of radionuclides from the body can be classified into four groups: (1) combining the radionuclide with a chelating agent, (2) diluting the radionuclide with its stable isotopes, (3) combining the radionuclide with adsorbents in the gut, (4) disturbing the metabolism with hormones. Although a chelating agent, diethylenetriaminepentaacetic acid, is recommended for the elimination of 65 Zn, we noted the dilution method because zinc is an essential trace element and its homeostasis is maintained by regulating the absorption and excretion [1, 3, 5, 12] . The present experiment was designed to estimate the efficacy of zinc addition to diet for preventing the gastrointestinal absorption of 65 Zn and for enhancing its excretion from the body.
MATERIALS AND METHODS

Animals and diets:
Adult male mice of the ICR strain (12 weeks old) were housed in aluminum cages in a room controlled at 23°C. They were maintained on a commercial diet (MF, Oriental Yeast) until the start of each experiment. This diet was confirmed to contain 45-mg Zn/kg. Experimental diets were prepared by adding a zinc sulfate solution to the powder of this commercial diet to contain 135, 450, 1,350, or 4,500-mg Zn/kg (dry basis). They were kneaded with distilled water and dried at 70˚C in a drying oven.
Gastrointestinal Accumulation and recovery of zinc: This experiment was performed to clarify whether zinc concentration in tissues could be regulated homeostatically under various conditions of dietary zinc content. Five groups of mice were maintained on the respective experimental diets for 21 days and then euthanized under ether anesthesia to collect the liver, kidneys, pancreas, spleen, brain, muscles, and femurs. These tissues were ashed at 450°C for 48 hr in an electric furnace and the residues were dissolved with 1 N hydrochloric acid. The zinc concentration was determined by atomic absorption spectrophotometry.
Five other groups were fed the 4,500-mg Zn/kg diet for 14 days. In one group, zinc concentrations in the tissues were immediately measured as described above. The remaining four groups were switched to the commercial diet, and the zinc concentrations in tissues were measured after 1, 2, 4 and 7 days. 65 Zn: Figure 1 shows the whole-body retention curves of 65 Zn administered orally to mice. A large proportion of 65 Zn was excreted within 24 hr after administration. Gentle linear slopes were observed after that time. This indicates that 65 Zn which had not been absorbed from the digestive tract was excreted in the feces within 24 hr after administration. Therefore, gastrointestinal absorption of 65 Zn was determined by extrapolating the slow component of the retention curves to the zero time point. As shown in Table 1 , control animals fed the 45-mg Zn/kg diet absorbed 14.0% of the dose. The absorption was suppressed as the dietary zinc content increased, and only 1.0% of the dose was absorbed in the 1,350-mg Zn/kg diet group. No further decrease, however, was observed when dietary zinc was increased from 1,350 to 4,500 mg/kg. Consumption of the diet by and weight gain of the mice were not affected by the dietary zinc content (Table 1) . Although daily zinc uptake, which was evaluated as a product of dietary zinc content, daily diet consumption, and the absorption of 65 Zn increased as the dietary zinc content increased, it seemed to be relatively constant within a range of 45 to 1,350 mg/kg. Thirty-fold increase from 45 to 1,350 mg/kg in dietary zinc content resulted in only twice increase in zinc uptake. However, zinc uptake from the 4,500-mg Zn/kg diet was 3 times as much as that from the 1,350-mg Zn/kg diet.
RESULTS
Gastrointestinal absorption of
Distribution and clearance of 65 Zn in tissues: Figure 2 shows the concentration ratio of 65 Zn in tissues of mice maintained on 45 or 1,350-mg Zn/kg diet. Although the pancreas exhibited the highest concentration of 65 Zn for a few days after administration, there were no significant differences in 65 Zn concentration among the pancreas, liver, and femurs 14 days after administration. The muscles had the lowest concentration of 65 Zn among the tissues examined. The liver, kidneys, pancreas, and spleen showed a rapid uptake and clearance of 65 Zn, while the brain showed Figure 3 shows the whole-body retention curves of 65 Zn injected intraperitoneally into mice maintained on diets with various zinc contents. Excretion of 65 Zn was accelerated with increasing levels of dietary zinc. The mean whole-body retention on the 21st day was 30.7%, 18.5%, 12.4%, 5.5% and 2.5%, for 45, 135, 450, 1,350 and 4,500-mg Zn/kg diet, respectively. Although the biological halflife of the fast component showed no significant differences among the levels of dietary zinc, that of the slow component reduced as the dietary zinc content increased (Table 2) . Marked changes occurred in the percentage of each component rather than in the biological halflife. Percentage of the fast component, which has a shorter biological halflife increased from 14.5% for the control to 56.8% by feeding 4,500-mg Zn/kg diet to mice. Elimination of 65 Zn listed in Table 2 indicates the percentage of 65 Zn excreted extra by feeding high-zinc diets to mice as compared with control animals. This value depended on dietary zinc content and period of treatment with high-zinc diets. Fifty percent elimination was achieved by feeding 1,350-mg Zn/kg diet for 14 days, but little increase was observed when high-zinc diets were given for a period of more than 14 days.
Accumulation and recovery of zinc: Table 3 shows zinc concentrations in tissues of mice maintained on the various diets for 21 days. In control mice maintained on the commercial diet (45-mg Zn/kg), the femurs showed a very high concentration of zinc, while the muscle was lower than the other tissues. Dietary zinc content did not affect zinc concentration in any tissue up to a level of 1,350-mg Zn/kg. However, zinc was accumulated in the liver, kidneys, pancreas and femurs when mice were given 4,500-mg Zn/ kg diet.
In the next experiment, recovery of zinc concentration in tissues was observed after feeding the 4,500 mg/kg diet to mice for 14 days (Fig. 4) . The spleen, muscles, and brain did not accumulate zinc as demonstrated in the above experiment. Although slight accumulation of zinc was observed in the liver and kidneys, the concentration of zinc recovered quickly on switching to the commercial diet. Marked accumulation of zinc occurred in the pancreas, but this also recovered within a few days after switching to the commercial diet. In contrast, no recovery was observed in the femurs during the experimental period.
DISCUSSION
Dependence of zinc absorption on dietary zinc content is well known [7] . Coppen and Davies [3] fed zinc-controlled diets to young rats, and found that 65 Zn absorption decreased from 99% for 5-mg Zn/kg diet to 56% for 160-mg Zn/kg diet. Similar findings have also been reported by several other investigators [5, 12] , however, many efforts were made under zinc deficiency or relatively low levels of dietary zinc. Our results indicate that zinc absorption can be regulated over a wide range of dietary zinc, not only in relatively low levels as previously reported. This suggests that control of zinc absorption plays an important role in its homeostatical mechanisms; however, the control mechanism of zinc absorption seems to be saturated around a dietary zinc content of 1,350 mg/kg. 65 Zn was incorporated into the pancreas, liver, and kidneys with relatively high concentrations as reported previously [2, 11] . These soft tissues showed a relatively rapid clearance of 65 Zn, and the clearance from these tissues was generally accelerated by feeding a high zinc diet to mice corresponding to the accelerated excretion of zinc. In contrast, clearance from the bone was very slow and not affected by dietary zinc content. In general, heavy metals deposited in the bone tissue are difficult to remove. Therefore, the dose of radiation exposure in soft tissues can be reduced by administration of zinc, but the bone tissue will be irradiated with gamma rays from 65 Zn for a long period even after the treatment with zinc.
Although 65 Zn absorption decreased, zinc uptake from diets increased as the dietary zinc content increased. Therefore, zinc excretion must be enhanced to keep the zinc concentration in the body constant. The reduced biological halflife of 65 Zn and increased percentage of the fast component are homeostatical reactions to remove absorbed zinc extra from the body. However, changes in the biological halflife of 65 Zn appear to be smaller than those in the gastrointestinal absorption suggesting that controlled absorption of zinc contributes more to its homeostasis than does regulated excretion. On the other hand, prolonged treatment with zinc was less effective on enhancing the excretion of 65 Zn. As the clearance rate of 65 Zn in the bone is very low, the percentage of skeletal 65 Zn to the whole-body burden increases gradually with time. Therefore, the treatment with zinc should be started as soon as possible if internal contamination with 65 Zn happens because 65 Zn deposited in the bone can not be removed by the treatment with zinc.
Zinc concentration in tissues could be regulated homeostatically up to a dietary zinc content of 1,350 mg/kg by regulating the absorption and excretion of zinc as described above. Zinc accumulation in mice fed 4,500-mg Zn/kg diet indicates a breakdown of the homeostatical mechanisms for zinc. This breakdown is chiefly due to the saturation of control mechanisms for zinc absorption, because zinc uptake markedly increased when mice were given 4,500-mg Zn/kg diet. Slightly increased zinc uptake can be compensated by increased excretion of zinc; however, the increased excretion may not be sufficient for zinc homeostasis when dietary zinc is enriched up to the level of 4,500-mg Zn/kg.
Although toxicological observations other than diet consumption and weight gain were not carried out in this study, several investigators reported that dietary zinc of 1,000-2,000 mg/kg had no toxic effects on healthy adult animals [7] . The results of this experiment demonstrate that zinc concentrations in tissues are maintained homeostatically up to the level of 1,350-mg Zn/kg. Moreover, zinc concentrations in tissues except the bone recover quickly on switching to normal zinc diet even if zinc accumulation should occur. Therefore, zinc is regarded as a safety element for the dilution method.
In conclusion, the results of this study demonstrate the effectiveness of dietary zinc intake for radiation protection against internal contamination with 65 Zn. Zinc is known to be relatively nontoxic to animals when administered orally or supplemented to diets, however, toxic symptoms such as anorexia, growth retardation, anemia and increased mortality have been observed in animals maintained on very highly zinc-added diets [7] . Therefore, the proper dose or upper limit for humans should be determined carefully.
